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The embryonic body plan is established through
positive and negative control of various signaling
cascades. Late endosomes and lysosomes are
thought to terminate signal transduction by compart-
mentalizing the signaling molecules; however, their
roles in embryogenesis remain poorly understood.
We showed here that the endocytic pathway partici-
pates in the developmental program by regulating
the signaling activity. We modified the mouse Vam2
(mVam2) locus encoding a regulator of membrane
trafficking. mVam2-deficient cells exhibited abnor-
mally fragmented late endosomal compartments.
The mutant cells could terminate signaling after
the removal of the growth factors including TGF-b
and EGF, except BMP-Smad1/Smad5 signaling.
mVam2-deficient embryos exhibited ectopic activa-
tion of BMP signaling and disorganization of embryo
patterning. We found that mVam2, which interacts
with BMP type I receptor, is required for the spatio-
temporal modulation of BMP signaling, via seques-
tration of the receptor complex in the late stages of
the endocytic pathway.
INTRODUCTION
The establishment of the body plan is regulated by a large
number of signaling molecules, including transforming growth
factors (TGFs), fibroblast growth factors (FGFs), and Wnt, all of
which act spatially and temporally via distinct signal cascades
(Bielinska et al., 1999; Hamada et al., 2002; Logan and Nusse,
2004). In the mouse early embryogenesis, FGFs and tyrosine
kinase receptors (RTKs) regulate embryonic/abembryonic differ-Developmentiation through mitogen-activated protein kinase (MAPK)
cascades (Chazaud et al., 2006; Yamanaka et al., 2010). Nodal,
a member of the TGF-b superfamily, plays a central role in estab-
lishing the anterior-posterior (A-P) axis of embryo (Zhou et al.,
1993; Brennan et al., 2001). Nodal, as well as TGF-b and activin,
initiates the signaling by binding to type I (ActR1B, Tgfbr1,
Acvr1c) and type II (TgfbR2, ActR2A, ActR2B) Ser/Thr kinase
receptors (Shi and Massague´, 2003). Upon ligand binding, the
type II receptor phosphorylates the type I receptor, and this
phosphorylation turns on the kinase activity of the type I recep-
tors toward intracellular mediators known as Smad2 and
Smad3. BMP (bone morphogenetic protein), GDF (growth and
differentiation factor), and MIS (Muellin inhibiting substance)
also belong to the TGF-b superfamily; however, these members
transmit signals through different type I receptors from those for
Nodal, TGF-b, and activin subfamily. Upon binding of BMPs, the
type II receptor BmprII, ActR2A or ActR2B phosphorylates the
type I receptor Bmpr1a, Bmpr1b, Acvr1, or Acvrl1, which then
phosphorylates Smad1, Smad5, or Smad8 (Miyazono et al.,
2005). These receptor-regulated Smads (R-Smads) form amulti-
mer with common-mediator Smad4 (co-Smad), then function as
transcriptional regulators. The BMP-Smad1/Smad5/Smad8
signaling is implicated in mesoderm formation (Mishina et al.,
1995; Lawson et al., 1999; Beppu et al., 2000). We have shown
recently that the balance of BMP- and Nodal/Activin signaling
pathways regulates the differentiation of distal visceral endo-
derm (DVE), a specific repertoire of cells located at the most
distal of the egg cylinder (Yamamoto et al., 2009).
The importance of these signaling pathways has been shown
with lines of genetic evidence that perturbation of signal produc-
tion and transduction alters embryonic patterning at distinct
developmental stages. Restriction and attenuation of the
signaling activity are another important regulatory process.
Various signaling systems are negatively regulated by antago-
nists, which inhibit binding of ligands to cell surface receptors.
Mutations in the antagonists cause defective patterning, demon-
strating that negative regulation plays an essential role inental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevier Inc. 1163
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1999; Bachiller et al., 2000; Perea-Gomez et al., 2002).
The late stages of the endocytic pathway, involving the late en-
dosomes and the lysosomes, degrade macromolecules of both
extracellular and intracellular origin. Signaling activity can be
downregulated intracellularly by compartmentalizing the acti-
vated signaling machinery into degradative organelles via the
endocytic pathway (Le Roy and Wrana, 2005). Loss of the late
endocytic compartments and their function causes complex
symptoms classified to lysosomal storage diseases, and defects
in the late endocytic-trafficking machineries often result in pleio-
tropic phenotypes, including defective immune response, albi-
nism, or neurologic disorders (Di Pietro and Dell’Angelica,
2005). However, the role of the late endocytic compartments in
embryogenesis remains largely unknown.
The endocytic system is a complex network of membrane-
bound organelles, which exchange the materials through
vesicle-mediated transport and/or direct interaction. Studies
on yeast vacuolar assembly identified a large tethering protein
complex called HOPS (homotypic fusion and vacuolar protein
sorting), which is comprised of the class C Vps/class I Vam
proteins and Vam2/Vps41 and Vam6/Vps39 (Price et al., 2000).
Vam2 is an effecter of Ypt7, a homolog of a late endosomal small
guanosine triphosphate (GTP)-binding protein rab7; thus, Vam2
links the tethering complex to rab GTP-binding protein (Ostro-
wicz et al., 2010). The yeast vacuole constitutes a large organelle
occupying more than a quarter of cell volume. In the absence of
the VAM2 function, no large vacuoles are assembled; instead,
heterogeneous fragmented vacuole-like vesicles are accumu-
lated in the cells (Raymond et al., 1992; Wada et al., 1992;
Nakamura et al., 1997; Radisky et al., 1997). Despite the evolu-
tionary distance, the yeast vacuole shares not only functional
relevance as a digestive compartment but also the molecular
machineries essential for assembly with the mammalian late
endocytic compartments (Odorizzi et al., 1998; Nakamura
et al., 2000). VAM2 orthologs, as well as the other HOPS compo-
nents, have been identified in mammals and other species,
including nematode, fly, and plants (Radisky et al., 1997). In
Drosophila, loss of Ema, a HOPS-associated protein, results in
defective membrane trafficking and impaired downregulation
of BMP signaling (Kim et al., 2010). In this study, we report that
loss of the mammalian Vam2 (mVam2) function resulted in
severe morphological and functional alteration of late endocytic
compartments. Along with the dysfunction in subcellular archi-
tecture, the mutant mouse embryo fails to develop beyond the
gastrulation stage, due to severe deregulation of BMP signaling.
These two characteristic phenotypes caused by the mVam2
deficiency suggest that the late stages of endocytic pathway
play a critical role in early embryonic development.
RESULTS
mVam2 Is Required for the Organization of the Late
Endocytic Compartments
We introduced anmVam2flox allele, with a loxP sequence each in
intron 14 and intron 18, into themVam2 locus (see Figures S1A–
S1C available online) (Aoyama et al., 2005). Mice homozygous
for mVam2flox were viable and fertile. We obtained mouse
embryonic fibroblasts (MEFs) from embryonic day 13.5 (E13.5)1164 Developmental Cell 22, 1163–1175, June 12, 2012 ª2012 ElsevmVam2flox/flox embryos. On infection of the MEFs with a Cre
recombinase-expressing adenovirus, the amount of mVam2
reduced slowly, presumably reflecting the relatively long survival
of mRNA and/or proteins, and at 96 hr after infection, the amount
of mVam2 reached undetectable levels (Figures S1D–S1G). In
the subsequent experiments we used mVam2-deficient MEFs
(referred to as mVam2/ MEFs), in which Cre was expressed
for 96 hr. The expression of Cre recombinase in wild-type
MEFs did not alter the gross cellular morphology (Figure 1A). In
contrast in mVam2/ MEFs, the morphology of the late endo-
cytic compartments was altered. Lamp2, a lysosomal
membrane protein, appeared more dispersed in mVam2/
MEFs. Rab7 also became more dispersed in mVam2/ MEFs.
The immunofluorescence signals for rab7 appeared to be
increased in mVam2/ MEFs (Figure 1A); however, the protein
levels detected by immunoblotting remained unchanged (Fig-
ure S1K). The distribution of the early endosomal markers, i.e.,
sorting nexin 1 (SNX1) (Figure 1A), early endosome antigen 1
(EEA1) (Figure 2A), and rab5 (data not shown), remained
unchanged, indicating that mVam2 was required for the integrity
of the late endocytic compartments.
We generated mice carrying the mVam2 allele by crossing
the mVam2flox mice with a Cre-expressing strain (Figure S1A).
The loss of mVam2 function resulted in recessive embryonic
lethality at E9 (Table S1). The pregastrulation rodent embryos
were composed of polarized epithelial tissues, i.e., an ectoderm
and a visceral endoderm (VE) (Kaufman, 1992). The VE,
surrounding the epiblast (epi) and extraembryonic ectoderm
(ExE) (Figure 1E), develops numerous microvilli on its apical
surface, and reticular-vesicular structures, referred to as apical
canaliculi (Lambson, 1966), beneath the apical plasma
membrane (Figure 1B). Large, membrane-limited organelles of
lower electron density were prominent at the apical side of the
nuclei in the VE cells of E6.5 wild-type embryos (Figures 1B
and S1H). These elliptical vacuolar structures (apical vacuoles)
frequently contained smaller spherical structures (Figure 1B,
arrowheads). mVam2/ embryos lacked the apical vacuoles
and accumulated numerous spherical structures with highly vari-
able electron densities in the cytoplasm instead (Figures 1B and
S1H). The morphology of the epi, in which endocytic organelles
develop less extensively, was indistinguishable in the wild-type
and mutant embryos (Figure S1J).
In the VE of E6.5 wild-type embryos, lamp2 showed a ring-like
staining pattern by staining the limiting membranes of the apical
vacuoles (Figures 1C and 1D), indicating that the apical vacuoles
were the distal compartments of the endocytic pathway, like the
lysosomes in normal cells. Rab7 showed a punctate staining
pattern and appeared localized to, and possibly attached to,
the lamp2-positive rings. In mVam2/ embryos, lamp2 did not
appear as rings but showed a punctuated staining pattern,
whereas rab7 staining frequently decorated the entire boundary
of the spherical structures (Figure 1C). SNX1 was distributed
rather evenly in the cytoplasm excluding the nucleus, and its
staining pattern was indistinguishable between the wild-type
and mutant embryos (Figure 1D). These electron microscopic
observations and organelle marker studies showed that
mVam2 deficiency resulted in defective organization of late en-
dosome and lysosome, the organelles constituting a late stage
of endocytic pathway.ier Inc.
Figure 1. mVam2 Is Required for the Orga-
nization of the Late Endocytic Compart-
ments
(A) Localization of endocytic organelle markers in
wild-type and mVam2/ MEFs (rab7, green;
lamp2, red; SNX1, blue) is shown.
(B) Electron micrographs of the VE overlying the
ExE of E6.5 embryos are presented. AC, apical
canaliculi; AV, apical vacuoles; N, nucleus; V*,
vacuolated compartments. Arrowheads indicate
the spherical structures in AV.
(C) Localization of rab7 (green) and lamp2 (red) in
vacuolated compartments in the VE overlying the
ExE of E6.5 embryos is illustrated. The lamp2-
positive ring-like AV in wild-type embryo is shown
(arrows).
(D) Localization of SNX1 (green), and lamp2 (red),
in the VE overlying the ExE is presented. The
fragmented vacuolated structures in mutant
embryos are shown (arrowheads).
(E) The upper panel is a schematic representation
of mouse embryo at about E6.2 (left). Columnar
visceral endoderm (cVE) overlies ExE, whereas
squamous visceral endoderm (sVE) does ecto-
derm/epi (Ect). Schematic diagram of a vertical
view through the midtrunk region of the embryo
and confocal optic sections are also shown (right).
Sagittal confocal plane represents the section
though the apical-basal axis of epithelium,
whereas parasagittal views represent the X-Y
planes of the epithelium. Note that parasagittal
images show optical sections of various cell
height, due to concave of embryos. Confocal
optical sections are shown in the lower panel.
See Figure S1 for details of deletion of the gene
function. See also Table S1.
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of Internalized Markers to the Lysosome
We examined the endocytic activity in the MEFs. mVam2/
MEFs took up externally added Alexa Fluor 555-conjugated
BSA (Figure 2A) and fluorescein isothiocyanate (FITC)-dextran
(data not shown), similar to the wild-type MEFs, showing that
the early stages of the endocytic pathway were not affected. In
thewild-typeMEFs, the internalized BSAwas initially colocalized
with the early endosomal marker EEA1, and after 4 hr, it was well
colocalized with lamp2, reflecting the delivery of BSA to the lyso-
some. However, the internalized BSA overlapped with rab7, but
not lamp2, in mVam2/ MEFs, showing that the mutant MEFs
failed to transport BSA from the late endosome to the lysosome.
We then examined the endocytic activity in embryos. Fluores-
cent transferrin, a marker for receptor-mediated endocytosis,
was internalized into the VE cells and accumulated at the
membranes of the apical canaliculi of both the wild-type and
mVam2/ embryos (Figure 2B), further showing that the earlyDevelopmental Cell 22, 1163–117endocytic pathway was functional in
mVam2/ cells. The VE cells internalize
maternal immunoglobulin G (IgG) and
transport it in the apical vacuoles
(Bernard et al., 1977) (Figure 2C). In the
wild-type VE cells, IgG was found in the
lamp2-positive apical vacuoles (Fig-ure 2C). The intensity of IgG signals varied among the apical
vacuoles, probably reflecting the extent of digestion in each
compartment. In the mutant, IgG was found in the rab7-positive
small vacuoles, indicating that these small vacuoleswerepresent
at the last stage of the endocytic pathway.We followed the endo-
cytosis by labeling with rhodamine and fluorescein dextrans (RD
and FD, respectively) sequentially. E6.2 embryoswere incubated
with RD for 15 min and then chased for 15 min in the absence
of the marker. During this chase incubation most internalized
RD was transported to the apical vacuoles. The embryos were
pulse labeled with FD for 5 min and then chased again in the
absence of the fluorescent dye. In the wild-type embryo, most
apical vacuoles became yellow 30 min after the second labeling.
The mVam2 mutant embryo could internalize the dextran effec-
tively; however, the RD and FD remained spatially separated in
the cytoplasm (Figure 2D). These observations in both MEFs
and embryos indicated thatmVam2 deficiency resulted in defec-
tive function of the late stages of the endocytic pathway.5, June 12, 2012 ª2012 Elsevier Inc. 1165
Figure 2. Endocytosis in mVam2–/– Cells
(A) Endocytosis of fluorescent BSA in wild-type and
mVam2/ MEFs is shown. MEFs were labeled with Alexa
Fluor 555-conjugated BSA for 1 hr, fixed (0 min) or chased
in the absence of the fluorescent BSA for 4 hr, and then
stained for the organelle markers. The higher-magnifica-
tion images of cell (4 hr) in the boxed area are shown in the
insets.
(B) Internalization of fluorescent transferrin (red) in E6.5
embryos is illustrated. The embryos were incubated with
fluorescent transferrin for 5 min in culture and then fixed
and stained for the organelle markers. The higher-magni-
fication images in the boxed area are shown in the bottom.
(C) Localization of maternal IgG in E6.5 embryos is pre-
sented.
(D) Endocytic trafficking of E6.2 embryos is shown. The
embryo was preloaded with RD (red signal), pulse labeled
with FD (green signal) for 5 min, then chased for 30 min.
The higher-magnification images in the boxed area are
shown in the right panels.
Parasagittal images are shown in (B)–(D).
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No mVam2/ pups were obtained from heterozygous crosses
after E9 (Table S1). We could not distinguish E5.5 mVam2/
embryos from mVam2WT/WT or mVam2WT/ littermates by their
gross morphology (Figures 3A and 3B). However, their subcel-
lular structures appeared distinctive. The mutant embryos
lacked the apical vacuoles but, instead, accumulated smaller
eosinophilic granules, presumably reflecting defective degrada-
tion in the endocytic compartments (Figures 3B and 3B0, red
closed triangles). Consistent with these phenotypes developed
at the early stage of embryogenesis, mVam2 was expressed in
all the tissues at E5.5 and E6.5 embryos. mVam2 protein was
distributed in both embryonic and extraembryonic regions of
E5.5, then accumulated in the epi and less abundantly in the
VE and ExE of E6.5 embryos (Figures S2A and S2B).
At E6.5, mVam2/ embryos began to differ from the normal
littermates in the gross embryonic architecture. In the wild-
type embryos, VE cells of proximal egg cylinders overlying ExE
showed columnar or cuboidal morphology (Figure 3C, black
closed triangles; cVE in Figure 1E), while more distally located
cells overlying epi were flat and squamous in appearance (Fig-
ure 3C, black open triangles; sVE in Figure 1E) (Solter et al.,1166 Developmental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevier Inc.1970). In the E6.5 mVam2/ embryos, all of
the VE cells appeared columnar or cuboidal
(Figure 3D, black open and closed triangles).
Furthermore, the embryonic region of the
mutant was smaller than that of wild-type. This
phenotype suggested an increase in extraem-
bryonic, proximal characteristics in mVam2/
embryos. The expression of both Bmp4
(Lawson et al., 1999) and Pem (Lin et al.,
1994) showed defined embryonic and extraem-
bryonic regionalization in mVam2/ embryos;
however, these extraembryonic markers were
localized more distally in the mutant embryos
than in the normal embryos (Figure 4). Oct3
(also known as Pou5f1) was restricted to the
epi in both the wild-type and the mutantembryos but appeared at more distal part of egg cylinders in
mutant embryos, confirming the distal shift of the embryonic/
extraembryonic border (Figure 4). These observations sug-
gested that mVam2 deficiency resulted in an unbalanced growth
of the extraembryonic regions relative to the embryonic regions.
Gastrulation begins with the formation of the primitive streak
that gives rise to mesoderm and definitive endoderm. The prim-
itive streak first appears at E6.5 at the embryonic/extraembry-
onic junction, then elongates to the posterior of the embryo,
providing a morphological cue for an A-P axis. The expression
pattern of Brachyury, a nascent mesoderm marker gene, and
the locations of the chorion and allantois in the E8.5 embryos
indicated that mVam2/ embryos could establish the A-P axis
correctly (Figures 3G, 3I, and 4). The origin of the A-P axis can
be traced back to the earlier developmental stages, where
multiple signaling cascades, as well as the embryo architecture,
define DVE and subsequent migration of DVE to one side
(prospective anterior side) of the egg cylinder to form the anterior
visceral endoderm (AVE) (Yamamoto et al., 2004; Takaoka et al.,
2006, 2011). At E5.7,mVam2/ embryos expressedHex, a DVE
marker (Mesnard et al., 2006), similar to the wild-type embryos
(Figure 4). At E6.0, mVam2/ embryos could establish the
Figure 3. mVam2 Is Required for Early
Embryogenesis
(A and B) Morphology of E5.5 embryos with H&E is
presented. The higher-magnification images of
boxed area are shown in (A0) and (B0). See also
Figure S2 for the expression of mVam2 in E5.5
embryo.
(C and D) Morphology of E6.5 embryos is shown.
The higher-magnification images of boxed area
are shown in (C0 ) and (D0). See also Figure S2 for
growth properties of the embryonic cells.
(E–I) Morphology of E8.5 embryos is illustrated.
Approximate planes of sectioning for images
shown in different panels (F–I) are indicated by
broken-line parallelograms. (F–I) Morphology of
E8.5 embryos with H&E is shown. The wild-type
embryos developed the neural ectoderm (NE),
foregut (FG), primitive heart tube (HT), and somite
(Sm). The mutant embryos could develop the
mesoderm (Mes) and extraembryonic structures,
including the chorion (Ch), allantois (Al), and
amnion (Am), but embryonic growth and differen-
tiation were limited. The genotypes of the E8.5
embryos were determined by PCR performed on
fragments of extraembryonic tissues set aside
before fixation. E5.5 and E6.5 embryos were not
genotyped but estimated from their VE vacuolar
morphologies.
Scale bars, 50 mm in (A)–(D0), 0.5 mm in (E), and
100 mm in (F)–(I).
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expression of Cerl, another AVE marker gene, was reduced in
mVam2/ embryos, but it was still restricted to one side of the
egg cylinder (Figure 4). Nodal, a member of the TGF-b super-
family, plays a central role in both establishment and mainte-
nance of the A-P axis in mouse embryo (Varlet et al., 1997;
Yamamoto et al., 2001, 2004). At E6.0, Nodal is expressed in
the entire epi, then the epi and overlying VE become positive
for the Nodal transcripts (Figure 4). The levels of Nodal expres-
sion were comparable to those of the wild-type, indicating that
Nodal signaling was not severely perturbed in the mutants.
These observations suggested that the A-P axis was not
severely compromised in mVam2/ embryos.
At E8.5, the wild-type embryos underwent organogenesis,
while mVam2/ embryos remained as deformed egg cylinders
(Figures 3E–3I). The mutant embryos express Brachyury at
E7.5, indicating that mesoderm differentiation occurred (Wilkin-
son et al., 1990). However, the levels of Brachyury expressionDevelopmental Cell 22, 1163–117and extent of cells with the mesodermal
fate reduced in the mutant embryos, indi-
cating that the mesoderm growth was
severely impaired. The extraembryonic
mesoderm marker Bmp4 was expressed
in the proximal region of the E7.5 and
E8.5 mutant embryos, similar to the E7.5
wild-type embryos (Lawson et al., 1999)
(Figure 4). Flk1, which is expressed in
the proximal-lateral embryonic meso-
derm (Yamaguchi et al., 1993), was also
detected in the mutant embryos (Fig-ure 4). However, the mutant embryos developed very little, if
any, lateral plate mesoderm expressing Lefty-2 and MesP1
(Saga et al., 1996; Meno et al., 1999), indicating abnormal differ-
entiation of the embryonic mesoderm. Hesx1 and Six3, the
earliest neural markers representing the prospective forebrain
(Oliver et al., 1995; Thomas and Beddington, 1996), were absent
in mVam2/ embryos (Figure 4). These results, together with
histological observations, indicated that mVam2/ embryo
was able to differentiate extraembryonic mesoderm but failed
to organize embryonic mesoderm and neuroectoderm.
mVam2–/– Cells Are Defective in the Attenuation
of BMP Signaling
mVam2/ embryos, similar to the wild-type embryos, showed
few apoptotic cells at E6.2, showing that massive cell death
was not associated with the beginning of developmental diver-
sion (Figures S2C and S2E). E7.5 mVam2/ embryos showed
numerous terminal deoxynucleotidyl transferase-mediated5, June 12, 2012 ª2012 Elsevier Inc. 1167
Figure 4. Developmental Marker Expression in mVam2–/– Embryos
Embryos at the indicated developmental stages were stained for marker transcripts (blue-purple stain) by in situ hybridization. Scale bars, 100 mm.
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Endocytic Regulation of BMP Signalingdeoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL)-
positive nuclei in the embryonic ectoderm. The apoptotic cells
were highly accumulated in the most distal embryonic region.
However, in these embryos there were still many mitotic cells
positive for phosphorylated histone H3, even in the distal embry-
onic ectoderm, where apoptosis became obvious (Figures S2C
and S2D). Thus, we speculated that the defective morphogen-
esis of mVam2/ embryos was not due to the general loss of
cell viability.
Late endocytic compartmentalization of cell surface receptors
is considered to constitute a desensitizing mechanism for
various signaling cascades. We examined the kinetics of the
signaling cascades in MEFs. The MEFs were stimulated with
the members of TGF-b superfamily (BMP-4, TGF-b1, and
activin A), or epidermal growth factor (EGF), then the phosphor-
ylation of Smad1/Smad5 (BMP-4), Smad2/Smad3 (TGF-b1 and
activin A), or p44/p42 MAPKs (extracellular signal-regulated
kinase 1/2 [ERK1/ERK2]) was analyzed. In the wild-type MEFs,1168 Developmental Cell 22, 1163–1175, June 12, 2012 ª2012 ElsevSmad1/Smad5 phosphorylation, responding to a 5 min pulse
stimulation with BMP-4, reached the maximum level at 20 min
and then gradually decreased with a half-life (t1/2) of approxi-
mately 1–2 hr (Figure 5A). However, in the mutant MEFs it
reached a higher level and remained at the maximum level for
60 min, indicating that mVam2 function was required for
silencing the signaling activity in the acute phase of signal termi-
nation. In contrast, long-term decay of BMP signaling, followed
for 24 hr, was similar in the wild-type and mutant MEFs (Fig-
ure 5B). This observation suggested that there were distinctive
silencing mechanisms for BMP/Smad1/Smad5 signaling with
different dependency on mVam2 function. The phosphorylated
forms of Smad2/Smad3 induced by TGF-b1 or activin A, and
phospho-ERK1/ERK2 by EGF, decreased after the removal of
the stimuli and reached basal levels in themutantMEFs, showing
that the TGF-b1/activin and EGF signaling pathways were
silenced efficiently even in the absence of mVam2 function
(Figures 5C–5G).ier Inc.
Figure 5. Defective Termination of BMP-Smad1/Smad5 Signaling in mVam2–/– Cells
(A–G) Phosphorylation/dephosphorylation of signaling transducers is presented. Cells were cultured in DMEM plus 0.1% FBS overnight, then they were
stimulated with rhBMP-4 (100 ng/ml) for 5 min (A) or 30 min (B), TGF-b1 (2 ng/ml) for 5 min (C) or 30 min (D), activin A (30 ng/ml) for 5 min (E) or 30 min (F), or EGF
(50 ng/ml) for 5 min, and chased in DMEM plus 0.1% FBS. The amounts of phosphorylated and total transducers were determined by immunoblotting. The error
bars show the SDs of multiple determinations using at least three independent MEF preparations. See also Figures S3 and S4 for BMP receptor localization and
the fate of internalized ligands, respectively.
(H–K) BMP-Smad1/Smad5 signaling activity in E5.2–E6.5 embryos is illustrated. Embryos were immunostained with anti-phosphorylated Smad1/Smad5 anti-
bodies (green), and nuclear DNA was visualized with DAPI and shown in red. Reduced (arrowheads) and ectopically activated (arrows) phosphorylated Smad1 is
indicated.
(L and M) Nodal and FGF signaling activities are demonstrated. All embryos are shown in lateral views, with the anterior side to the left, when distinguishable.
Scale bars, 100 mm.
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receptors in the mutant cells. The MEFs accumulated Bmpr1b
as the major BMP type I receptor (Figure S3A). The wild-type
and mutant MEFs expressed similar amounts of the cell surface
and total receptors, determined by immunofluorescence of non-
permeabilized cells (Figure S3A) and immunoblot analysis of the
total cell lysate (Figure S3C), respectively. We compared the
amount of the cell surface Bmpr1b in the presence and absence
of BMP and found that only less than 20% signals were internal-Developmized on BMP addition (Figure S3B). This observation was consis-
tent with the previous report that BMP type I receptor endocy-
toses rather constitutively regardless of the ligands (Hartung
et al., 2006). These results showed that the hyperactivation of
BMP signaling was not caused by the increase in the receptor
levels or subcellular distribution of the receptors.
Relay of the signals to Smad1/Smad5 takes place in the early
endosomes, implying that receptor endocytosis is implicated in
the signaling activity (Hartung et al., 2006; Shi et al., 2007). Theental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevier Inc. 1169
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Endocytic Regulation of BMP Signalingectopic expression of constitutively active mutant Bmpr1a (Zou
et al., 1997) caused similar levels of phosphorylation of
Smad1/Smad5 in both the wild-type and the mutant MEFs, indi-
cating that the assembly and function of the signaling complex
were normal in the mVam2/ MEFs (Figure S3D). The intracel-
lular Bmpr1b often associated with the rab7-positive organelles
in the wild-type MEFs, indicating that the internalized receptors
were delivered to the late stages of the endocytic pathway (Fig-
ure S3E). The intracellular Bmpr1b in the mutant MEFs was co-
localized with rab7 in mutant MEFs, indicating that Bmpr1b
was internalized and transported into the late endosomes.
We followed the fate of the internalized BMP-4 ligand in the
MEFs. Recombinant human BMP-4 (rhBMP-4) could be coupled
with a fluorescent dye, Alexa Fluor 555, without loss of function
(Figure S4A). We treated the MEFs with the fluorescent BMP-4
for 30 min and then followed their fate. In the wild-type MEFs,
BMP-4 signals gradually weakened, appeared close to lamp2-
positive compartments, and most were lost after 12 hr. In
contrast, a substantial amount of BMP-4 remained in the rab7-
positive compartments of the mutant MEFs (Figures S4B and
S4C). These results showed that BMP-4 is transported toward
the lysosomes, where the ligand is to be degraded, and this intra-
cellular trafficking to the degradative compartments is depen-
dent on mVam2 function. There were no obvious differences in
the time course of TGF-b1 degradation in the wild-type and
mutant MEFs, although MEFs degraded the internalized TGF-
b1 less efficiently (Figure S4E). Both thewild-type and themutant
MEFs could degrade fluorescent EGF in a similar period (Fig-
ure S4F). These observations indicated that mVam2 function is
specifically required for the degradation of BMP.
mVam2 Is Required for the Intracellular Trafficking
of BMP Receptors
Histology and molecular marker expression patterns suggested
the disproportional growth of embryonic versus extraembryonic
structures in the mutant embryos. This developmental pheno-
type is reminiscent of those associated with mutants defective
in the regulation of BMP signaling (Bachiller et al., 2003; Fukuda
et al., 2006). We examined whether BMP signaling activity was
deregulated in the mutant embryos of pregastrulation stages,
where the mutant embryos had begun to display morphological
alterations. In E5.5 embryos, phosphorylated Smad1/Smad5
highly accumulated in the extraembryonic and embryonic
regions of the VE and less abundantly in the proximal region of
the epi (Figures 5H and 5I) (Yamamoto et al., 2009). This pattern
was indistinguishable between the wild-type and mVam2/
embryos. Then phospho-Smad1/Smad5 signals were reduced
in the distal region and became restricted to proximal region of
VE in E5.7 wild-type embryo (Figure 5J, arrowheads) but re-
mained activated in the distal region of VE ofmVam2/ embryo
(Figure 5J, arrows). The distal region of the VE of E6.5 wild-type
embryos was virtually devoid of phosphorylated Smad1/Smad5,
indicating that BMP signaling was attenuated there (Figure 5K,
arrowheads). However, most E6.5 mVam2/ embryos (20 out
of 25) showed the signal for phosphorylated Smad1/Smad5 in
both the distal and proximal regions (Figure 5K, type I, arrows).
In themost severely affectedmutant embryos (5 out of 25), phos-
phorylated Smad1/Smad5 accumulated in the distal region (Fig-
ure 5K, type II, arrows). These results suggested that BMP1170 Developmental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevsignaling was not restricted to the proximal region but remained
activated in the distal region of the VE of E6.5 embryos due to the
loss of mVam2 function.
Consistent with the normal regulation of TGF-b1 and activin
signaling cascades in MEFs, the signal intensity and pattern of
phosphorylated Smad2/Smad3 were similar in E6.5 wild-type
and mVam2/ embryos (Figure 5L). Nodal expression, which
is positively regulated by Nodal signaling pathway, was compa-
rable or slightly increased in mVam2/ embryos as compared
with the wild-type embryos (Figure 4). However, this possible
increase in Nodal signaling did not cause the ectopic formation
of the primitive streak, a phenotype expected to be associated
with enhanced Nodal signaling (Perea-Gomez et al., 2002).
Both the wild-type and the mutant embryos accumulated
phosphorylated ERK1/ERK2 in the distal boundary of the ExE,
indicating that FGF signaling remained normal in mVam2/
embryos (Figure 5M). Bmp4, the expression of which is
dependent on Wnt receptors LRP5 and LRP6 (Kelly et al.,
2004), was expressed with similar intensity in mVam2/
embryos (Figure 4), indicating the presence of Wnt signaling in
the mutant embryos. The mutant embryos expressed Oct3 in
the epi, similar to the wild-type embryos (Figure 4). The constitu-
tive activation of b-catenin, a transducer of the Wnt pathway,
leads to the loss ofOct3 expression and induces ectopic expres-
sion of Brachyury in the epi (Morkel et al., 2003; Chazaud and
Rossant, 2006). These phenotypes were not associated with
the mVam2/ mutation (Figure 4). These observations sug-
gested that the canonical Wnt signaling remained normally regu-
lated in mVam2/ embryos.
Next, we focused on the BMP receptors in the embryo. In E6.0
and earlier embryos, Bmpr1a was highly accumulated on the
apical surface, whereas lesser signals appeared in the basolat-
eral plasma membrane of the VE cells (Figures 6 and S5). This
surface accumulation of Bmpr1a decreased in E6.5 embryos
(Figure 6A; Movie S1). Most Bmpr1a appeared as dots spread
across the cytoplasm, indicating that Bmpr1a was internalized
by the VE cells at this developmental stage. Intracellular Bmpr1a
often attached or localized to the lamp2-positive apical vacuoles,
indicating that the internalized Bmpr1a was transported to the
apical vacuoles. InmVam2/ embryos, the intracellular Bmpr1a
was accumulated in the apical cytoplasm and in the vacuolated
structures positive for rab7 but negative for lamp2 (Figure 6A;
Movie S2). We examined the distribution of Bmpr1a by immuno-
electron microscopy (Figure S5C). In the wild-type embryo,
Bmpr1a signals appeared in the lumen andmembranes of apical
vacuoles, confirming that the receptors were transported into the
apical vacuoles. In the mutant, most Bmpr1a signals associated
to periphery, but a few were found in the lumen of the rab7-posi-
tive compartments, indicating that the internalized receptor
remained on the surface of rab7-positive late endocytic compart-
ments (Figure S5). These observations indicated that the internal-
ization of Bmpr1a occurred in mVam2/ cells, but its traffic to
the apical vacuoles and transport into the lumen of the apical
vacuoles were dependent on mVam2 function.
BMP Signaling Restricts Embryonic Growth during
Gastrulation
The ectopic expression of a constitutively active BMP
type I receptor (Alk2) results in imbalanced growth of theier Inc.
Figure 6. BMP Signaling during Gastrulation
(A) Intracellular localization of BMP type I receptor in the VE overlying ExE is presented. Parasagittal views of E6.2 embryo are shown. See also Figure S5 for
localization of Bmpr1a in a plastic section and immunogold-labeling electron microscopy.
(B) Ectopic activation of BMP signaling in the presence of excess BMP-4 is illustrated. The wild-type embryos were dissected at E5.5 and cultured with 500 ng/ml
of rhBMP-4. The distal VEs are indicated by arrowheads.
(C) Unbalanced growth of the extraembryonic (Ext) and embryonic (Emb) regions is presented. The embryonic and extraembryonic lengths were measured, and
the ratio (Emb/Ext) was calculated for embryos cultured for 48 hr (n = 12 for each group; statistical significance was evaluated by one-tailed Student’s t test). The
images (B, lower panels) show the embryos having the closest value for the average (red symbols) in each group. The error bars show the SDs.
See also Figure S6 for growth properties of the cultured embryo. See also Movies S1 and S2.
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et al., 2006), consistent with our view that the mVam2 deficiency
caused the excess BMP signaling and abnormal morphology of
egg cylinder. We further investigated whether excessive BMP
signaling resulted in defective gastrulation in mammalian
embryos. E5.5 wild-type embryos were cultured in vitro in the
presence or absence of BMP-4. After 24 hr in control culture,
the proximal region of the VE and ExE accumulated phosphory-
lated Smad1/Smad5 (Figure 6B), similar to those of the embryos
developed in utero. In addition to this localization, the BMP-
4-treated embryos showed phosphorylated Smad1/Smad5
signals in the distal region of VE, where BMP signaling was
silenced in the control embryos. After additional 24 hr, most
embryos developed well-organized extraembryonic structures,
like E7.5 embryos, even in the presence of BMP-4. We calcu-
lated the ratio of the lengths of the embryonic and extraembry-
onic parts of each embryo and found that the proportion shifted
toward the extraembryonic part in the BMP-4-treated embryos
(Figure 6C). The BMP-4 treatment increased apoptosis in the
distal embryonic ectoderm (Figure S6), mimicking the phenotype
associated with the mVam2 mutation. These results indicated
that the presence of excess BMP-4 at the perigastrulation stage
induced alterations in embryo patterning, which resembled that
associated with the mVam2 mutation.
mVam2 Interacts with BMP Type I Receptor
To examine whether mVam2 is involved in recruiting the endo-
somes via direct association with BMP type I receptor, we
carried out several protein-protein interaction experiments. First,
coimmunoprecipitation was performed from detergent-treated
lysate of MEFs expressing hemagglutinin (HA)-tagged Bmpr1a.DevelopmImmunoprecipitation with anti-HA antibody followed by immu-
noblotting for mVam2 showed that the endogenous mVam2
coprecipitated with Bmpr1a (Figure 7A). The pull-down experi-
ment using the lysate of MEFs expressing an HA-tagged
TGF-b type I receptor did not precipitate mVam2 (Figure 7B).
To further confirm the interaction of mVam2 with BMP type I
receptor, pull-down experiments using recombinant green fluo-
rescent protein (GFP)-mVam2 as bait were carried out. Bmpr1a
coprecipitated with the full-length mVam2 fused with GFP (Fig-
ure 7C); however, GFP-mVam2-DN, lacking amino acid residues
1–265 of mVam2, exhibited markedly lowered affinity for
Bmpr1a. These experiments provide evidence that mVam2
interacts with BMP receptors, but not TGF-b receptors, via its
amino-terminal domain.
DISCUSSION
On ligand binding on the cell surface, the receptors are internal-
ized and transported to the apical canaliculi, where they transmit
the signals to cytosolic signaling components, which then acti-
vate downstream cascades (Figure 7D). BMP-induced Smad
phosphorylation and non-Smad signal transduction occur on
the early endosomes (Hartung et al., 2006; Shi et al., 2007; Hein-
ing et al., 2011). The receptors (and presumably the ligands) are
further transported from the early endosomes to the late stages
of the endocytic pathway. Downregulation of Dpp-Mad
signaling, a Drosophila version of BMP-Smad signaling, is highly
dependent on the subcellular trafficking of the Dpp receptor,
Tkv. Drosophila emamutants, which are defective in endosomal
membrane trafficking, accumulate Tkv and phosphorylated Mad
in their synapses, showing that defective endosomal traffickingental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevier Inc. 1171
Figure 7. mVam2 Directly Interacts with BMP Type I Receptor
(A) Interaction of mVam2 and Bmpr1a is demonstrated. Lysates of MEFs expressing HA-tagged Bmpr1a were immunoprecipitated (IP) with anti-HA, then probed
by anti-HA (upper panel) and anti-mVam2 (lower panel) antibodies.
(B) Interaction of mVam2 and TGF-b type I receptor is presented.
(C) GFP-mVam2 associates with Bmpr1a. Lysates of MEFs coexpressing HA-tagged Bmpr1a and GFP-mVam2 (full-length amino acid residues 1–853) or GFP-
mVam2-DN (amino acid residues 266–853) were subjected to GFP-trap, and the trapped materials were analyzed by immunoblotting with anti-HA antibodies.
(D) Proposedmodel for endocytic membrane dynamics and signal transduction in VE is illustrated. BMP receptors as well as IgG are actively internalized from the
apical plasma membrane and transported to SNX1-positive apical canaliculi, where BMP receptors transmit the signals to Smad1/Smad5. The endocytosed
materials are further transported to lamp2-positive apical vacuoles and degraded by hydrolytic activity. mVam2 recruits the endosomes containing the inter-
nalized BMP receptors to the apical vacuoles. In mVam2/ VE cells (right panel), the interaction between the rab7-positive late endosomes and the lamp2-
positive lysosomes is defective. Thus, the apical vacuoles are not assembled, and the rab7-positive compartments become vacuolated. This defective trafficking
toward apical vacuoles may also cause delay in early endosome/late endosome conversion. Activated BMP receptors are internalized and transported to these
endocytic compartments, where the receptor complexes continue to activate Smad1/Smad5, leading to excessive BMP signaling.
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junctions (Kim et al., 2010). This observation demonstrates the
regulatory role of endocytic pathway. In this study, we showed
that dysfunction at the late stages of the endocytic pathway
caused severe defects in early embryonic development, in which
BMP signaling plays pivotal roles. The mammalian HOPS
subunit, mVam2, which is most likely to be an effector of rab7
as shown in yeast cells (Cabrera et al., 2009; Ostrowicz et al.,
2010), is required for assembling apical vacuoles in VE cells,
where the receptors are compartmentalized into the lumen in
which their active kinase domain is separated from the cytosol.
Such spatial compartmentalization and subsequent degradation1172 Developmental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevare thought to be involved in determining the duration and extent
of the signaling activity (Le Roy and Wrana, 2005). mVam2
mutant cells could not compartmentalize activated receptors
into the digestive organelles and left the kinase domain of the
receptors accessible to the cytosolic transducers, allowing pro-
longed activation of the downstream effectors.
Prior to gastrulation, mouse embryos organize a specific
repertoire of cells, called DVE, at the most distal end of the
egg cylinder. Most recently, our study has shown that multiple
signaling cascades involving BMPs, activins, and Lefty-1—
members of the TGF-b superfamily—regulate DVE formation/
differentiation (Yamamoto et al., 2009). BMP signaling isier Inc.
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derm at E4.5, whereas DVE differentiation is restricted by BMP
signaling. Therefore, developing mouse embryos regulate BMP
signaling dynamically from E4.5 to E5.5, when they establish
the VE promoted byBMP signaling, andwithin 24 hr, differentiate
DVE by restricting BMP signaling in the specific region. One
possible mechanism of this spatiotemporal downregulation of
BMP signaling is that the prospective DVE region at the distal
tip of the egg cylinder is distanced from the source of BMP
ligands (which are expressed in the ExE) by the elongation of
the egg cylinder, and the signal input reduces in the distal tip
of the egg cylinder, thus defining the position of the DVE in the
E5.5 embryo (Soares et al., 2005; Mesnard et al., 2006; Yama-
moto et al., 2009). Reduction in BMP ligands alone is not likely
to be sufficient to lower the signaling activity within a rather short
time window of early embryogenesis, unless the duration of
signaling within the cells is actively controlled. Indeed, in embryo
explants, BMP signal disappeared within 30min upon removal of
the BMP source, ExE, showing that the signal termination occurs
rapidly (Yamamoto et al., 2009). The cell surface molecules
reach the apical vacuoles within 30 min after internalization.
We postulate that the endocytic trafficking of BMP receptors
terminates the signaling in the VE, thus participating in deciding
its duration and promoting DVE formation.
Although the expression of the DVE marker gene Hex was
normal, that of Lefty-1 and Cerl was reduced in the mVam2
mutant embryos, suggesting a partial impairment of DVE/AVE
function, which is regulated by the balance between Nodal/Acti-
vin and BMP signals (Yamamoto et al., 2009). mVam2/
embryos could initiate the primitive streak at one side of the
egg cylinder, indicating that they retain minimum DVE/AVE func-
tion to establish the A-P axis. Our current knowledge of BMP
does not explain a set of characteristic phenotypes—severe
impairment of embryonic mesoderm and lack of neural ecto-
derm—shown in the mutant embryos at later stages. This
patterning defect may suggest a undetermined role of BMP
signaling/termination on embryogenesis. Alternatively, the
defects in E5.2–E5.5 embryos cause deregulation of other
signaling, which brings the patterning defects secondarily in later
developmental stage.
Endocytic downregulation of cell surface receptors is thought
to be a key regulatory step in establishing the appropriate extent
of signaling. Indeed, disruption of late endosome/multivesicular
body (MVB) function by small interfering RNA (siRNA)-mediated
suppression of Chmp5, a subunit of the MVB-forming complex,
i.e., endosomal sorting complex required for transport III
(ESCRT-III), results in defective silencing of RTKs and TGF-b
signaling (Shim et al., 2006). However, in a different experimental
setup, EGF signaling is attenuated normally in cells deficient in
hVps24, another ESCRT-III subunit (Bache et al., 2006). Simi-
larly, RTK signaling remains essentially unaffected without
mVam2 function, in both the embryos and the MEFs. These
discrepant observations suggest that in each tissue and cell,
signals may be terminated via a different mechanism, reflecting
the different physiological and cellular contexts. Signaling
complexes including receptor and ligand dissociate in the low-
pH environment of the endocytic compartments, and this acidi-
fication-mediated dissociation can regulate the duration and
extent of the signaling activities. Nonendocytic mechanismsDevelopmalso participate in the fine-tuning of signaling activity. In the
cytosol, protein phosphatases dephosphorylate the intracellular
mediators, thus terminating the signaling (Lin et al., 2006; Morsut
et al., 2010). The ubiquitin/proteasome system coupled with
specific E3-ubiquitin ligases also participates in selective degra-
dation of the activated mediators (Morsut et al., 2010). Our
observation that the earlier phase of attenuation was impaired
but the later phase remained rather intact in MEF lacking
mVam2 agrees with the existence of multiple systems for inhibi-
tion of BMP signaling.
In contrast to severe deregulation of BMP signaling, EGF/FGF
and TGF-b/Nodal signaling seemed to be less affected in
mVam2mutants. This rather selective deregulation was an unex-
pected result observed in both the culture MEFs and the gastru-
lating embryos. Indeed, mVam2 cells show severe changes in
their late endosomes and lysosomes; thus, it would be more
likely to cause wider dysfunction in the various signaling
cascades, and we do not rule out a possibility that not only
BMP but also other signaling cascades are deregulated upon
the loss of mVam2 function. However, several lines of recent
experimental evidence raised an intriguing possibility that mole-
cules sustaining general late endosomal and lysosomal function
are involved in specific signaling regulation. The vacuolar-type
proton ATPase (V-ATPase), which acidifies the lumen of late
endocytic compartments, is required for normal embryogenesis
(Sun-Wada et al., 2000). Most recently, V-ATPase is shown to
be intimately involved in the canonical Wnt signaling (Cruciat
et al., 2010). Molecular biological and pharmacological inhibition
of V-ATPase function results in defective LRP6-mediated Wnt
signaling but preserves the other signaling, including Nodal,
BMP, and FGF, unaffected. Furthermore, mVam6, which inter-
acts with mVam2 and functions in late endosomal membrane
trafficking, is shown to associate with TGF- b and activin type
II receptors and regulates TGF- b signaling at the level of
Smad2/Smad4 and Smad3/Smad4 complex formation (Felici
et al., 2003). Intriguingly, targeted deletion of mouse V-ATPase
or mVam6 results in embryonic lethality at the perigastrulation
stage (Kinouchi et al., 2010; Messler et al., 2011). These findings,
together with our result on the mVam2, suggest that molecules
having general function likemembrane trafficking or acidification
are associated with the specific signaling complex and are
concurrently participating in localizing signaling complexes to
proper subcellular compartments.
The BMP signaling pathway and other signaling cascades are
involved in various physiological mechanisms and conditions,
including tissue remodeling, tumor progression, and bone-
related diseases. Identification of the endocytic pathway as a
signal-silencing mechanism provides a novel subject for under-
standing the pathophysiological disorders associated with the
deregulation of molecular signaling.
EXPERIMENTAL PROCEDURES
mVam2 Mutant Mice
mVam2 locus was modified by homologous recombination in mouse R1
embryonic stem cells (see Supplemental Experimental Procedures for details).
All animal procedures were approved by the committees of the Institute of
Scientific and Industrial Research, Osaka University, and Doshisha Women’s
College of Liberal Arts, and performed in accordance with the institutional
and national guidelines.ental Cell 22, 1163–1175, June 12, 2012 ª2012 Elsevier Inc. 1173
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Whole-mount in situ hybridization was performed using DIG-labeled RNA
probes. For immunohistochemistry, paraformaldehyde-fixed embryos and
MEFs were incubated with primary and the secondary antibodies in a solution
containing 0.05% Tween 20, 0.5% TSA-blocking reagent (PerkinElmer), and
1% normal donkey serum in PBS. The spacemen were viewed under
a confocal laser-scanning microscope (Zeiss LSM 510) or on a Leica imaging
workstation (ASMDW) (see Supplemental Experimental Procedures for
details). For phosphorylated Smad2/Smad3 detection, the blocking, washing,
and antibody solutions included 5 mM NaF, 1 mM sodium orthovanadate, and
5 mM sodium pyrophosphate.
MEFs and Embryo Culture
MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) plus
10% fetal bovine serum (FBS), and ectopic expression of Cre, mVam2, and
BMPR was performed with purified adenovirus at a multiplicity of infection of
50 pfu/cell. The embryos were cultured in DMEM plus 50% rat serum. E5.5
embryos of wild-type strain (ICR) were cultured in DMEM plus 50% rat serum
with or without 500 ng/ml of rhBMP-4. See Supplemental Experimental Proce-
dures for details.
Statistical Analyses
The numerical results are shown as mean ± SDs. The statistical significance of
the differences was evaluated by Student’s t test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, one table, two movies, and
Supplemental Experimental Procedures and can be found with this article
online at doi:10.1016/j.devcel.2012.05.009.
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